Barley seedlings grown in the dark with 10 mm KNO3 have low levels of nitrate reductase activity even though large amounts of No3-accumulate in the leaves. When the leaves are excised and transferred to the light, there is an increase in nitrate reductase activity both in the presence and absence of exogenous NO3--When the leaves are transferred to a glucose solution (0.05 M) but kept in the dark, induction of nitrate reductase activity occurs only when fresh NOr-is added to the system.
activity and the size of the metabolic NO3 pool. Our results thus suggest that NO3-accumulates in a storage pool when seedlings are grown in continuous darkness. The transfer of this NO3-to an active metabolic pool is mediated by light but not by glucose. We believe that this transfer of NO3-leads to the induction of nitrate reductase. When NO3-is included in the medium, both light and glucose increase its incorporation into the metabolic pool. The results suggest two mechanisms for regulating the metabolic NO3-pool: (a) a transfer from the storage pool which requires light; and (b) a transfer from the external medium which requires either glucose or light.
The requirement of NO,-, as a substrate inducer, for the induction of nitrate reductase is well documented (6, 10, 12) . It has been shown that NO3-exists within the cell in two pools: a storage or nonmetabolic pool. and an active or metabolic pool (2, 9, 14, 17) . It is presumed that NO:-in the metabolic pool is effective as an inducer of nitrate reductase (9, 11) .
The induction of nitrate reductase in the leaves of higher plants also has light requirements (7. 8. 16 21, 23, 24) . According to Beevers et al. (7) , light increases NO3-uptake by leaves, leading to higher intracellular concentration of NO3-for induction. On the other hand, evidence suggests that light supplies energy for maintaining active polyribosome levels and thus affects capacity of leaves for protein synthesis (21) (22) (23) (24) . Addition of DCMU which inhibits CO., fixation in the light, as well as the energy and reducing power supplied by photosynthesis, also blocks the induction of nitrate reductase (1, 4, 5) . Under aerobic conditions, glucose can substitute for the light requirement (4, 23) . Glucose thus appears to be supplying the energy require- (15) have suggested that a phytochrome system may regulate nitrate reductase in etiolated pea buds by inducing a NO3-movement across membranes, and by enhancement of protein synthesis.
In view of these results, it seemed possible that glucose or light could regulate the availability of NO1-within the cells in leaves.
Our results show that light but not glucose can increase the movement of that NO3-already in the cells into the metabolic pool. Both light and glucose can influence the amount of exogenous NO:-recovered in the metabolic NO3-pool.
MATERIALS AND METHODS Plant Material. Hordeumn vulgare L. var. Numar was grown for 7 days in vermiculite in plastic pans (28 x 33 cm) in a growth chamber at 27 C and 55% relative humidity. Nutrient solutions were supplied to the developing seedlings by cotton wicks connecting the vermiculite with the nutrient solution containing 11 mM KNO:, (13) . In some studies, the seeds were planted in a 1:1 mixture of sand and vermiculite contained in plastic containers and were watered daily with '/lo strength Hoagland solution containing 10 mM KNO3 (18) . The seedlings were grown in continuous darkness. Induction Studies. Except where mentioned (see Table IV ), the tip 12 cm of 10 leaves were placed base down in small glass beakers containing 10 ml of the treatment solution as specified in each experiment. At the desired time intervals, the leaves were washed with distilled H.,O, the basal 2 cm of the leaves were cut off, and the remainder of the leaves were assayed for enzyme activity and NO,-content.
Preparation of Cell-free Extract. The leaves (except where mentioned) were homogenized at 0 to 3 C with mortar and pestle in 3 volumes of 0.2 M phosphate buffer containing 1 mM EDTA (pH 7.4) . The extracts were centrifuged for 15 min at 30,000g, and the supernatant was used to measure enzyme levels and NO3-concentrations.
Enzyme Assay. Nitrate reductase (except where mentioned) was assayed by following the conversion of NO3-to NO3-by the method of Schrader et al. (19) , in which reduced monoflavin nucleotide is the reducing agent. Nitrite was determined by adding 1 ml of 1 (w/v) sulfanilamide in 1 N HCl and 1 ml of 0.2% (w/v) N-( 1 -naphthyl)-ethylenidiamine dihydrochloride. After 15 min, the absorbance was read at 540 nm.
Nitrate Determination. Total NOr,-was determined either with a nitrate ion activity electrode, model 92-07, Orion Research Inc., Cambridge, Mass., or by following the enzymic reduction of NO-to NO.,-. The source of nitrate reductase for 588 the latter procedure was a partially purified preparation of the enzyme from 7-day-old corn leaves.
Metabolic NO3-was determined by the method outlined by Ferrari et al. (9) . After induction of the enzyme for appropriate time intervals, leaves 10 cm long and weighing about 0.1 g each were cut into small pieces and placed in test tubes containing 1.7 ml of 0.1 M K phosphate (pH 7.5). The contents of the tubes were flushed with N2 for 1 min, stoppered, and incubated in darkness at 28 C until nitrate production ceased. The production of nitrite was measured as described above. The amount of nitrite produced under anaerobiosis was equivalent to the metabolic nitrate (9) . RESULTS Effect of Glucose and Light on Induction of Nitrate Reductase. Leaves from seedlings grown in nitrate under continuous darkness for 7 days contained low levels of nitrate reductase activity ( Table I) . Induction of nitrate reductase by glucose required the presence of NO3-in the induction medium. In contrast, induction of nitrate reductase in light did not require the presence of NO3-in the induction medium, suggesting that endogenous NO3-was available for the induction process. Apparently, the presence of glucose did not make the endogenous NO3-available for induction of nitrate reductase even though equal concentrations of leaf NO3-were available during the experimental period (Table II) . With an external source of NO3-, the uptake of NO3-was higher in the light treatment than in the glucose treatment (Table II) .
Production of Nitrite in Light-induced Leaves. The kinetic behavior of NO2-production under anaerobic conditions was followed in leaves which were grown in darkness in NO3-then excised and placed in water at the start of illumination. The measurements of NO2-production were made after 6 and 12 hr of induction in light. In both cases, the NO2-production ceased after 4 hr of incubation (Fig. 1) . When NO3-was added to the assay tube at the approach of plateau, NO2-production resumed and did not level off during the next 3 hr. This resumption of NO2-production on the addition of NO3-shows that the enzyme was still active. We assume that the attainment of the pleateau in NO2-production without added NO3-was due to the actual depletion of NO3-from the metabolic pool. Total NO2-production after 12 hr of illumination was about 2 times higher than that produced after 6 hr.
Effect of Light on the Distribution of Nitrate and the Induction of Nitrate Reductase. The production of NO2-under anaerobiosis is considered to be an estimate of active or metabolic NO3- (9) . Using this criterion, the development of metabolic pool of NO3-in relation to nitrate reductase activity was followed after illumination. Both the size of the metabolic nitrate pool and nitrate reductase activity increased with illumination (Table III) . Accumulation of NO3-in the metabolic pool was apparent over a 24-hr period of illumination both in the presence and absence of exogenous NO3-. Nitrate reductase activity also increased over a 24-hr period. In each case, the increase was greater when NO3-was present in the incubation medium. When nitrate reductase activity was plotted against the metabolic NO3-in the leaf, a linear correlation (y = 0.99) was observed between this NO3-and nitrate reductase activity (Fig.  2) . Total nitrate also increased in the leaves which were fed additional NO3- (Table III) . However, in leaves not supplied with fresh NO3-at the start of illumination, total leaf N03-decreased progressively (Table III) . This decrease in NO3-was apparently due to transfer of NO3-into the metabolic pool and its subsequent reduction to NO2-. Effect of Glucose on the Distribution of Nitrate and the Induction of Nitrate Reductase. Table IV shows that glucose additions result in an increase in nitrate reductase activity and in the size of the metabolic pool, when NO3-is present in the external medium. In similar experiments performed in the absence of exogenous NO3-, nitrate reductase activity remained low, and there was little change in the size of the metabolic pool. Our conjecture is that external NO3-can be transported to the metabolic NO3-pool in the presence of glucose, but that glucose is unable to induce the transfer of nitrate from the storage pool to the metabolic pool.
DISCUSSION
Nitrate reductase activity is higher in the light than in the dark in many tissues (1, 4, 7, 8, 16, 21) . Stulen (21) has shown this to be true when nitrate reductase is measured by an in vitro assay, by an intact tissue assay or by an in vivo assay using 15N03- Barley seedlings were grown as described in Table III . Leaves were then excised and floated on 50 ml of 0.1 M glucose or water for 2 hr. They were then transferred to a solution containing 0.1 M KNO3 in the presence or absence of glucose for 12 or 24 hr. These manipulations were performed in the dark. The accumulation of NO3-is also higher in the light than in the dark (1, 7) . However, the degree of the light effect is variable. This variability is probably related to the level of the carbohydrate reserves as indicated by Jordan and Huffaker (16) . In our results obtained with barley plants which had been grown in the dark for 7 days, i.e. which were carbohydrate-deficient, light enhances both the uptake of NO3-and the level of nitrate reductase activity (Tables I and II) . There are difficulties in attempting to correlate levels of nitrate reductase with levels of endogenous nitrate (7, 15) because of the existence of storage and metabolic pools and because either of these pools could affect the activation or inactivation of nitrate reductase. In our results, for example, when leaves were preloaded with nitrate and then transferred to the light in the absence of exogenous nitrate, light still caused an increase in nitrate reductase activity (Table I) . We have also shown that nitrate added to leaves in the light or to roots protects the enzyme from decay (3). However, when leaves are transferred to the dark, NO3-does not stabilize the enzyme. Beevers and Hageman (6) have also suggested that NO3-which accumulates in darkness or under shaded conditions is inaccessible to the enzyme, and hence does not function as an inducer.
Heimer and Filner ( 11) and later Ferrari et al. (9) have shown that the induction of nitrate reductase in tobacco cells in culture requires an exogenous source of NO3-. They suggested that NO3-taken up from the medium passes through a metabolic pool. If The model presented in Figure 3 describes our results. In reaction 1, NO3-passes from the external medium to the storage pool through the metabolic pool in the cytoplasm. The have shown that in etiolated pea buds, a brief exposure of light permits the induction of nitrate reductase. They conclude that this phenomenon is not directly related to photosynthesis. They have also shown in their system that phytochrome is important in the process. Our conjecture is that reaction 2 could be mediated by a phytochrome system. LITERATURE CITED
